Abstract
Introduction
Diltiazem, a calcium channel blocker, is used in chronical atrial fibrillation (1) . In addition, it is used for the treatment of coronary ischemia (e.g., angina pectoris) and to prevent arrhythmias after cardiac surgery (2) . However, inadequate re sponse to diltiazem treatment is a problem, even if patients re ceive their recommended dosage (3) .
Hence, plasma levels might be a poor predictor of clinical effects, and a knowledge of diltiazem tissue concentrations might in part explain a lack of response and toxic side effects (4, 5) . Furthermore, one could assume that a strong correlation exists between the therapeutic effect of diltiazem and its con centrations at its site of action, namely the human heart, but no data are available about its concentrations in this organ. Given the clinical importance and widespread use of diltiazem, we developed a sensitive and quantitative high-performance liquid chromatographic (HPLC) method with high accuracy and pre cision to measure diltiazem ( Figure 1A ) concentrations in about 200 mg of human cardiac tissue samples. We employed an internal standard, imipramine ( Figure 1B) , to control the * Author to whom correspondence should be addressed.
extraction procedure and used solid-phase column extraction to clean up sample extracts before running on the analytical HPLC system.
Experimental Chemicals and reagents
HPLC-grade acetonitrile, methanol, and trypsin were pur chased from E. Merck (Darmstadt, Germany). Diltiazem-HCl (diltiazem) was supplied by Gödecke (Berlin, Germany), and imipramine was supplied by Sigma (Deisenhofen, Germany). All other chemicals were analytical reagent grade.
Apparatus
An HPLC system of a LC Workstation Class LC10 (Shimadzu, Kyoto, Japan) consisting of a SIL-10A auto injector, an LC-10AT liquid chromatograph, an SPD-10A ultraviolet-visible (UV-vis) detector, and software provided by the manufacturer was used.
Chromatographic conditions
Chromatographic separation was performed on a Spherisorb C6 column (150 × 4.6-mm i.d., 5-μm film thickness) (Chro matographic Service, Langerwehe, Germany) with a Spherisorb C6 guard column (17 × 4-mm i.d., 5-μm film thickness) at ambient temperature. The mobile phase consisted of 60% (v/v) eluent acetonitrile and 40% (ν/ν) 0.25M potassium acetate buffer (pH 4). The UV wavelength was set at 237 nm for detec tion of diltiazem. The flow rate was 1 mL/min. Aliquots of the extracts (80 μL) were injected into the HPLC system.
Standards
Stock solutions of 1.26 μg/mL for diltiazem and 25 μg/mL imipramine were made up in water. Aliquots of these stock solutions were added to drug-free tissue for obtaining stan dard curves (range indicated in Table I ) in the presence of appropriate amounts of internal standard. Other stock standard solutions were divided into aliquots and stored at -80°C until assay. They remained stable for at least six months.
Sample collection
Cardiac atria samples were obtained from patients under going coronary bypass surgery. Intraoperatively, right atrial tissue samples of about 200 mg were frozen immediately in liquid nitrogen and kept at -80°C until further analysis. Ven tricle samples were received from explanted human hearts sub sequent to orthotopic heart transplantation.
Tissue extraction procedure
About 200 mg of frozen tissue was placed into teflon tubes precooled by liquid nitrogen. To each sample, 100 μL of imipramine stock solution (25 μg/mL) and 500 μL of 0.5M potassium acetate buffer (pH 7) were added. Simultaneously, diltiazem-free cardiac tissue was fortified with 100 μL of a known diltiazem standard (1.26 μg/mL). Frozen samples were homogenized in a microdismembrator (Braun, Melsungen, Ger many), transferred into glass tubes containing a 1 mL trypsin solution, and incubated at 37°C for 18 h. The sample was ex tracted with 900 μL acetone. After centrifugation at 2740g for 20 min at 20°C, the supernatant was evaporated to dryness under a stream of nitrogen at 40°C. The residues were recon stituted in 1 mL of 0.5M potassium phosphate buffer (pH 5.5) and centrifuged again. The supernatant was percolated slowly through Bond-Elut packed with CN-bound silica particles of 40 μm (100 mg/mL of column volume) (Analytichem Interna tional, Harbor City, CA) under vacuum (Vac-Elut vacuum man ifold) (Chromatographie Service). Columns were washed once with 1 mL water. Finally, elution of the compounds was per-
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formed with 250 μL of 80% (v/v) acetonitrile and 20% (v/v) of 0.1M potassium acetate buffer (pH 5). An 80-pL aliquot was in jected into the HPLC column.
Recovery rates
The recovery rates were determined by comparing the peak heights of diltiazem and the internal standard. Therefore, peak heights of the analyzed fortified tissue samples were compared with the peak heights obtained by direct injection of the stan dard solution into the HPLC column. This procedure was re peated at different drug concentrations. Peak heights were measured by the computer system (see Table I ).
Quantitation
Diltiazem was quantified by relating the peak height ratio of diltiazem and the internal standard imipramine in the unknown sample to the peak height ratio of a known standard concentration.
Data analysis and statistics
Data were given as arithmetic means plus or minus standard deviation (SD). Precision was calculated as percent coefficient of variation (CV). Accuracy was expressed as percent of dilti azem measured in each sample relative to the known amount of diltiazem added.
Results and Discussion
For the fortified tissue samples, there was a linear relationship between concentration and peak height over the total range tested (0.30-2.25 ng/mg w/w). The lower limit of quantitation for diltiazem was 0.3 ng/mg (w/w) (signal-to-noise ratio of 10). The recovery rates for 12 determinations obtained with four different drug concentrations (see Table I ) were 59% ± 16 for dil tiazem and 52% ± 13 for the internal standard. No interferences were found from substances in the control tissue at the retention times of diltiazem (4.7 min) and the internal standard (6.8 min) (Figure 2A ). Representative chromatograms of fortified cardiac tissue in Figures 2B-2F demonstrate good separation of dif ferent amounts of diltiazem. Figure 3 depicts a typical chromatogram of an atrial preparation from a patient medicated with 60 mg of diltiazem. The value for the patient's diltiazem tissue concentration amounted to 0.53 ng/mg wet weight and 
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was in the linear range of the diltiazem tissue assay. The preci sion of the assay was assessed by replicate analysis of fortified cardiac tissue containing diltiazem and the internal standard at various concentrations (0.30-2.25 ng/mg, w/w). Intra-assay vari ation was determined by analyzing four diltiazem concentrations and three replicate samples at concentrations of 0.30-2.25 ng/mg (w/w). The intra-and inter-assay coefficients of variation are presented in Table II . The precision of the measurement, expressed as the coefficients of variation, was between 3 and 12%. The accuracy, expressed as a percent of the concentration of diltiazem measured in each sample relative to the known amount of added diltiazem, was between 91.5 and 108%.
The HPLC method presented here provides a sensitive and quantitative analysis of human cardiac tissue samples for the antiarrhythmic drug diltiazem. Previously, no data concerning diltiazem extraction in any human tissue were available. Sev eral methods have been established to quantitate diltiazem in plasma samples (6) . By adopting the published plasma extrac tion procedure in tissue samples, recovery of diltiazem was only 18%. Extraction of diltiazem from tissue is therefore a crucial point. In order to optimize the extraction procedure and in increase the recovery from tissues, various solvents were tested. The pH values of the extraction buffer were varied from 3.5 to 7.5. Optimal extraction conditions were achieved at a pH of 7.0. In addition, lipophilic solvents like diethylether, chloroform, dichloromethane, and acetone were compared to optimize diltiazem extraction. Acetone was found to be the most efficient for the extraction of diltiazem from tissue. Back extraction into 0.5M potassium acetate buffer was tested at pH values of 2, 3.5, 4.5, 5.5, and 7. The highest diltiazem recovery (59%) was achieved at a pH of 5.5. The recovery of the internal standard without pretreatment with trypsin was significantly lower (30% versus 52%) than that of diltiazem with trypsin pretreatment. The best recoveries of both diltiazem and the in ternal standard were achieved by digesting the tissue sample in a trypsin solution for 18 h before extraction with acetone. This led to recoveries of 59% ± 16 and 52% ± 13 for diltiazem and the internal standard, respec tively, over the range of four different con centrations in three replicate experiments. The coefficients of variation varied from 4.4 to 7.8% for diltiazem and from 5.5 to 12.6% for the internal standard (Table I) . Precision was between 3.6 and 11.7%, and the linear range was from 0.12 ng/mg to 2.25 ng/mg (w/w). This procedure allowed measure ments of diltiazem in human cardiac tissue samples as small as 200 mg (see Figure 3 ). Precision and measurement accuracy were determined by the addition of an internal standard. Furthermore, we used solid-phase column extraction to clean up sample extracts to minimize extraneous interfer ences (Figures 2 and 3 ) and guaranteed reproducibility of the assay (Table II) . Inter ference from typically comedicated drugs and metabolites was not detected but should be checked systematically during the anal ysis procedure.
With this method, it will be possible in future work to cor relate diltiazem plasma and tissue concentrations from patients who are under antiarrhythmic therapy. We have pre viously published a method for quantitation of sotalol in human myocardium (7), but unfortunately, that method could not be used for quantitation of diltiazem.
It is unknown whether diltiazem accumulation differs in failing myocardial tissue with various etiologies of cardiovas cular diseases (e.g., dilative cardiomyopathy, hypertrophic car diomyopathy, or coronary heart disease). Furthermore, no data are available concerning whether human cardiac tissue con centrations of diltiazem differ in patients undergoing short-and long-term treatment. As another application of the method, determination of diltiazem concentrations in human cardiac tissue is necessary for validation of in vitro experiments. For instance, it is a concern that calcium antagonist concentrations in human cardiac tissue might impair the interpretation of subsequent contraction experiments or other biochemical studies (e.g., radioligand binding studies) (8) .
Conclusion
In summary, the HPLC method reported here offers a tech nique to quantitate diltiazem concentrations in human car diac tissues with good accuracy and precision. This method might be extended to the quantitation of other calcium antag onists with related molecular structures.
